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INTRODUCTION 

The ana lys is  o f  hydroxyaromatics (ArOH)  i n  f u e l s  has received considerable 
a t t e n t i o n  f o r  t h e  l a s t  20-30 years. 
1970's and e a r l y  1980's dur ing  the "synfuels boom" because o f  the r e l a t i v e l y  
high concentrat ions o f  ArOH i n  shale o i l s  and e s p e c i a l l y  coal  l i q u i d s .  ArOH 
as a c l a s s  are important because they impact f u e l  p roper t ies  such as i t s  
s t a b i l i t y ,  v i s c o s i t y ,  water m i s c i b i l i t y  and t o x i c i t y  as we l l  as i t s  behavior 
i n  r e f i n e r y  processes. For example, Hara, et ai. (1) and White et al .  (2) 
found t h a t  phenol ic compounds cont r ibu ted  t o  sediment format ion i n  SRC- I1  coal 
l i q u i d  through o x i d a t i v e  coupl ing.  I n  addi t ion.  ArOH are bel ieved t o  increase 
v i s c o s i t y  by hydrogen bonding t o  n i t rogen bases ( 3 ) .  f i n a l l y ,  ArOH and c y c l i c  
ethers are bel ieved t o  c o n t r o l  the r a t e  o f  hydrodeoxygenation o f  coal  l i q u i d s  
dur ing  hydro t rea t ing  processes (4). 

The approach most conanonly used f o r  ana lys is  o f  ArOH invo lves  a p r e l i m i -  
nary step f o r  t h e i r  i s o l a t i o n  from the bulk fue l  mat r i x  fo l lowed by ana lys is  
o f  the ArOH concentrate. Aqueous e x t r a c t i o n  and l i q u i d  chromatography are the 
most common methods f o r  i s o l a t i n g  ArOH; GC, GC/MS, MS. NMR, I R ,  and UV have 
a l l  been used s i n g l y  o r  i n  combination f o r  ana lys is  o f  the  ArOH concentrate. 

While any o f  t h e  publ ished methods w i l l  work on f u e l s  r i c h  i n  ArOH, 
unsat is fac to ry  r e s u l t s  are o f t e n  obtained on samples such as petroleum which 
are  low i n  ArOH as w e l l  as w i t h  samples w i t h  a higher average molecular weight 
o r  b o i l i n g  p o i n t .  For example, aqueous-alcoholic NaOH e x t r a c t i o n  y i e l d s  
n e g l i g i b l e  amounts o f  a c i d i c  mater ia l  from h i g h - b o i l i n g  petroleum d i s t i l l a t e s  
and residues which a c t u a l l y  con ta in  10-20 weight-percent a c i d i c  compounds 
(5). The hydrophobic nature o f  l a r g e r  molecular weight acids prevents them 
from p a r t i t i o n i n g  i n t o  the  aqueous phase. 

L i q u i d  chromatography on alumina probably has the  widest a p p l i c a b i l i t y  
f o r  i s o l a t i o n  o f  ArOH from f u e l s  (6-11). a l though methods using s i l i c a  as the 
adsorbent have a l s o  been repor ted  (11-17). Reportedly, t h e  s i l i ca -based 
methods have y i e l d e d  ArOH f r a c t i o n s  a l s o  conta in ing  n i t r o g e n  compounds (11,13, 
14) bu t  Schabron et  al. (16) and Hurtubise et al. (17) reported t h a t  pre- 
t r e a t i n g  t h e  s i l i c a  w i t h  HC1 e l im ina tes  t h i s  problem by forming HC1-salts o f  
n i t r o g e n  bases on the  column, thereby prevent ing  t h e i r  c o e l u t i o n  w i t h  ArOH. 
Coelut ion of n i t r o g e n  compounds w i t h  ArOH has a l s o  been reported t o  be a 
problem with alumina-based separat ions (10.15). 
i o n  exchange chromatography has been used t o  o b t a i n  ArOH concentrates. e i t h e r  

I n t e r e s t  was e s p e c i a l l y  high i n  the  l a t e  

On t h e  o ther  hand. nonaqueous 

198 



by sequential e l u t i o n  o f  t he  i on  exchange r e s i n  (3,18,19) o r  by subfract iona-  
a t i o n  of t he  t o t a l  ac id  concentrate on alumina (20.21). Since n i t r o g e n  bases 
are trapped by a c a t i o n  r e s i n  and ArOH by an anion r e s i n  i n  t h a t  procedure, 
over lap o f  those classes i s  minimal. F i n a l l y ,  s i ze  exc lus ion chromatography 
w i t h  THF e luent  separates A r O H  as a c lass  from coal l i q u i d s  (22.23). 
Reportedly, phenols hydrogen bond t o  THF, thereby e f f e c t i v e l y  increas ing t h e i r  
molecular s i ze  and decreasing t h e i r  e l u t i o n  volume from the  s i z e  exc lus ion  
column. 

Chemical d e r i v a t i z a t i o n  o f  ArOH o f t e n  f a c i  1 i t a t e s  subsequent chromato- 
graphic and/or spectroscopic analysis. 
anhydrides o r  ac id  ch lo r i des  has been used i n  conjunct ion w i t h  GC (24) and 
espec ia l l y  NMR methods (25-29). 
t o  determine pr imary aromatic amines i n  coal  l i q u i d s .  S im i la r l y ,  s i l y l a t i o n  
w i t h  a v a r i e t y  o f  reagents enables s p e c i f i c  A r O H  analys is  by NMR (13,30) and 
GC/MS (31.32). Chemical d e r i v a t i z a t i o n  i s  use fu l  from both q u a l i t a t i v e  and 
q u a n t i t a t i v e  standpoints because 1) i t  e l im ina tes  many p o t e n t i a l  0-conta in ing 
i n t e r f e r i n g  compound classes which w i l l  no t  r e a c t  (e.g., ketones, e thers) ,  2) 
i t  adds a chemical moiety conta in ing elements not  commonly i n  f u e l s  (e.g. 
F,Si) a l l ow ing  f o r  s p e c i f i c  de tec t i on  o f  ArOH, 3) it s i g n i f i c a n t l y  adds t o  t h e  
molecular weight o f  t he  ArOH which f a c i l i t a t e s  mass spec t ra l  ana lys i s  because 
the de r i va t i zed  ArOH molecular ions are a t  s i g n i f i c a n t l y  h igher  mass than 
i n t e r f e r i n g  compounds, 4) i t  improves gas chromatographic r e s o l u t i o n  o f  ArOH, 
and 5) i t  a l t e r s  t h e  p o l a r i t y  o f  ArOH which can enable t h e i r  f u r t h e r  separa- 
t i o n  from i n t e r f e r i n g  compound classes. 

The A r O H  analys is  method described here i s  based on 1) i n i t i a l  i s o l a t i o n  
o f  a t o t a l  ac id  concentrate by nonaqueous i o n  exchange chromatography, 2) sub- 
f r a c t i o n a t i o n  o f  t h e  ac ids i n t o  compound c lass  f r a c t i o n s  by HPLC, 3) chemical 
d e r i v a t i z a t i o n  v i a  a c y l a t i o n  o r  s i l y l a t i o n ,  and 4) GC/MS analys is  o f  t he  
de r i va t i zed  A r O H  concentrate. 
t a i l e d  analys is  o f  A r O H  species regard less o f  f u e l  type and o v e r a l l  concen- 
t r a t i o n  o f  ArOH present. Because the  u l t i m a t e  ana lys i s  i s  by GC/MS, t he  
method i s  l i m i t e d  t o  d i s t i l l a t e s  b o i l i n g  below approximately 500" C (932" F).  

Nonaqueous i o n  exchange chromatography was chosen f o r  t he  f i r s t  s tep 
because i t  separates a c i d i c  types from t h e  bu lk  hydrocarbon ma t r i x  as w e l l  as 
from basic  n i t rogen  compounds. 
schemes based on s i l i c a  o r  alumina over lap some n i t rogen  compound types i n t o  
the  ArOH f rac t i on .  This presents a ser ious i n te r fe rence  f o r  GC/MS ana lys i s  
because n i t rogen  compounds y i e l d  even-numbered fragments which can p a r t i a l l y  
o r  completely obscure parent ArOH ions. Chemical d e r i v a t i z a t i o n  a lone f r e -  
quent ly  cannot compensate f o r  t h i s  i n te r fe rence  because many N-compounds a l so  
de r i va t i ze .  HPLC was chosen over the p rev ious l y  c i t e d  open-column separat ion 
methods f o r  sub f rac t i ona t ing  acids because o f  i t s  higher chromatographic reso- 
l u t i o n ,  use o f  automated instrumentation, use o f  detectors  which cont inuously  
monitor t he  separation, and microprocessor-contro l led so lvent  g rad ien t  and 
pump. The above f a c t o r s  coupled w i t h  t h e  f a c t  t h a t  a s ing le  column may be 
used f o r  numerous samples r e s u l t  i n  much h ighe r  q u a l i t y ,  more rep roduc ib le  
ArOH concentrates. This  d u a l - l i q u i d  chromatographic approach has the  fo l l ow-  
i n g  inherent  advantages: 1) ac id i c  compounds are concentrated i n  t h e  f i r s t  
s tep from bu lk  f u e l  components and then subfract ionated i n  a second step -- 
t h i s  approach i s  e s p e c i a l l y  su i ted t o  f u e l s  which con ta in  low amounts o f  ArOH, 
2) extremely hydrophobic o r  hyd roph i l i c  A r O H  which are incomplete ly  recovered 

Acy la t i on  w i t h  f l u o r i n a t e d  ac id  

This r e a c t i o n  has a l s o  been used ex tens i ve l y  

The o b j e c t i v e  o f  t he  scheme i s  t o  prov ide de- 

As discussed prev ious ly ,  many o f  t h e  publ ished 
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in aqueous extraction procedures pose no special problems for this procedure, 
3) the complementary selectivities of the ion exchange and HPLC separations 
yield ArOH concentrates relatively free of other compound classes, 4) it has 
been evaluated using numerous pure compounds as well as a wide variety of 
fuels, and 5) it yields concentrates of other major acidic compound classes 
suitable for detailed analysis. 

EXPERIMENTAL 

Preliminary Fractionation of Fuels 

Details of distillation (4,33) and nonaqueous ion exchange isolation of 
acid concentrates (5) appear elsewhere. Distillation was not absolutely 
necessary for analysis of ArOH, but the level of information obtained on 
higher boiling ArOH was enhanced if the bulk of the phenols and indanols/ 
tetralinols were distilled into a light (ca. 200-325" C) boiling fraction. 

b 

Preparative HPLC Subfractionation of Acid Concentrates 

A preliminary evaluation of HPLC methods for acid subfractionation (34) 
and a study of the liquid chromatographic behavior of acidic compounds on 
silica using mobile phases spiked with tetraalkylammonium hydroxides (35) give 
background information on the HPLC method used here. Table 1 shows details of 
the equipment and conditions for the acid subfractionation. 

TABLE 1. Conditions for HPLC Subfractionation of Acid Concentrates 

Column - 30 cm X 2.5 cm 1.0. 316 ss 
Packing-Adsorbosil-LC (Al(1tecl Assoc. - l o p  prep grade silica) 
N (average plates/m) - 15,000-20,000 
Flow rate - 28 mL/min 
Chart speed - 0.5 cm/min 
Temperature - 35.0" C 
Detector (uv) - ISCO UA-5, 1 mm path cell, 280 nm, 0-2 AUFS 
Apparatus - Spectra Physics M8000 HPLC 
Injection vol (mL) - 1.8 
Injection amount (mg) - 300 
Gradient - (linear) 

Volume Percent 
Time (min) A B C 

0 88 12 0 
2 88 12 0 

17 
30 
38 
50 
5 1  
53 

78 22 0 
20 80 0 
20 80 0 
0 30 70 
0 30 70 

88 12 0 

A: Methyl t-but 1 ether (MTBE) 

methylammonium hydroxide 
c: Methanol with 0.03 percent tetramethylammonium hydroxide. 

B: 70 percent { -? /v) MTBE: 30 percent (v/v) methanol, 0.03 percent tetra- 
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Chemical O e r i v a t i z a t i o n  o f  ArOH 

Acylat ions were done a t  room temperature by bubbl ing t r i f l u o r o a c e t y l  
ch lo r i de  (TFACl) (SCM S p e c i a l i t y  Chemicals, Ga insv i l l e .  FL) i n t o  0.5 mL of 
benzene conta in ing 0.05 
minutes. 
remove res idua l  TFACl, and the  r e a c t i o n  mix was t rans fe r red  t o  a 1-mL p ropy l -  
s u l f o n i c  acid-bonded s i l i c a  c a r t r i d g e  (PRS Bond Elute, Analytichem I n t e r -  
nat ional ,  Harbor City, CA) and e lu ted  w i t h  10 mL dichloromethane. The bonded 
S i l i c a  c a r t r i d g e  removed t r i e thy lam ine  c a t a l y s t  and t r i f l u o r o a c e t i c  a c i d  pro- 
duced as a by-product from r e a c t i o n  o f  TFACl and water. E i t h e r  o f  t he  above 
contaminants gave r i s e  t o  a large,  poo r l y  e l u t i n g  GC peak which i n t e r f e r e d  
w i t h  ana lys i s  o f  Co-C3 phenols. 

S i l y l a t i o n  was accomplished by heat ing a mixture o f  0.5 mL BSTFA con ta in -  
i n g  10 percent  TMCS c a t a l y s t  ( N  ,0-b is( t r imethy1 s i  l y 1 ) - t r i f  luoroacetamide, 10 
percent t r ime thy l ch lo ros i l ane ;  Regis Chemical, Morton Grove, I L )  and 4 mg ArOH 
d isso lved i n  1.0 mL benzene a t  60" C f o r  one hour. 

n i t rogen  p r i o r  t o  i n j e c t i o n  i n t o  t h e  GC. 

t r i e t h y l a m i n e  c a t a l y s t  and 1-2 mg ArOH f o r  30 
Nit rogen gas was passed through the  reacted ArOH f o r  10 minutes t o  

The s i l y l a t e d  and acety la ted A r O H  w e r e  concentrated t o  0.1-0.2 mL under 

GC/MS 
A Kratos (Ramsey, NJ) MS-80 GC/MS system comprised o f  a Carlo Erba model 

4662 temperature programed GC, S c i e n t i f i c  Glass Engineering (Austin, TX) 
open-spl i t  i n te r face ,  €1 source, MS-80 magnetic-scan mass spectrometer and 
Data General Nova 4-based OS-55 da ta  system was used f o r  a l l  analyses. A 0.25 
mm X 30 m, 0.25 pm f i l m  th ickness J and W (Rancho Cordova, CA) 06-5 column was 
programed from 50" C ( i n i t i a l  t ime one minute) a t  a 5" C/min t o  350" C (ho ld  
20 minutes) f o r  a t y p i c a l  ArOH concentrate. Other inst rumenta l  cond i t i ons  
were: i n j e c t o r  - 300" C, 1OO:l s p l i t ;  GC/MS i n t e r f a c e  - 300" C. He make u 
mL/min (50 mL/min f o r  so lvent  peak purge); column head pressure 1.25 Kg/cm 
(1 mL/min He); mass spect ra l  cond i t i ons  - 70 eV i o n i z i n g  voltage, 1,OgO 
dynamic reso lu t i on ,  0.5 sec/decade scan ra te ,  source pressure 5 X 10- t o r r ,  
and source temperature 300" C. 

RESULTS AND DISCUSSION 

9 l  

HPLC Acid Subfract ionat  i o n  

F igure 1 shows UV detector  t races  from HPLC separat ion o f  t y p i c a l  ac id  
concentrates obtained by nonaqueous i o n  exchange as w e l l  as a chromatogram o f  
a syn the t i c  blend (STD) o f  a c i d i c  compounds t y p i c a l  o f  those i n  fue ls .  
and weak ac id  concentrates are obta ined from i o n  exchange separat ion o f  d i s -  
t i l l a t i o n  res idues (5) ;  thus, F igure 1 shows t races from sub f rac t i ona t ion  o f  
strong and weak ac ids from S R C - I 1  >325" C and OSCR shale o i l  >ZOO" C res idues 
whereas t o t a l  ac ids were separated from the  Wilmington, CA, 370-535" C pet ro-  
leum d i s t i l l a t e .  

ta ined from t h i s  separation. 
any neu t ra l  compounds present as contaminants from the  i o n  exchange procedure. 

Strong 

As i nd i ca ted  i n  the  f i gu re ,  f i v e  o r  s i x  subf ract ions are t y p i c a l l y  ob- 
F r a c t i o n  1 conta ins very weak ac ids as w e l l  as 
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Fraction 2 is largely made up of pyrrolic benzologs. For example, GC/MS 
analysis of fraction 2 from the SRC-I1 >325" C weak acid concentrate showed it 
to contain largely Co-C4 carbazoles. 

retention region would contain hindered phenols, strongly retained pyrrolic 
benzologs, or possibly amides (see corresponding compounds eluting in STD in 
Figure 1). Subsequent analysis of this fraction revealed it to usually 
contain hindered phenols; hence in much of the authors' current work, fraction 
3 is combined with fraction 4 -- the main ArOH subfraction. Cut points for 
fraction 4 are usually defined by retention of 2,4,5-trimethylphenol and 2- 
naphthol (see STD, Figure 1). However, as indicated in the figure, sometimes 
the final cut point is extended beyond this range during separation of syn- 
thetic fuels or other fuels not likely to contain carboxylic acids. Subse- 
quent work (35) with a chloroform-based mobile phase has indicated that much 
of the retention of polycyclic ArOH beyond that of 2-naphthol is due to their 
poor solubility in methyl t-butyl ether (MTBE). Hence, conditions specified 
in Table 1 are no longer used for subfractionation of nondistillable acids. 
Instead, an analogous mobile phase system is used where chloroform is substi- 
tuted for MTBE as the bulk solvent. Details of this separation are available 

In separations of petroleum acid concentrates (Figure 1, Wilmington 370- 
535" C), fraction 5 cut points are set such that it will contain the bulk of 
the carboxylic acids present. 
which contains either very acidic ( i . e . ,  condensed aromatic) carboxylic acids, 
dicarboxylic acids, and/or polyfunctional compounds. With synfuels, all 
compounds more retained than ArOH are usually lumped into the fifth subfrac- 
tion. This subfraction probably contains dihydroxyaromatics as well as 
hydroxylated nitrogen heterocycles (35), such as those recently identified in 
a SRC-I1 coal liquid (37). As expected, weak acid concentrates show very 
little material eluting in fractions 4-6. 

As stated previously, one of the objectives of the liquid chromatographic 
separations was to obtain ArOH fractions relatively free of nitrogen com- 
pounds. Figure 2 shows that this objective was largely met as evidenced by 
the dual FID/NPO GC chromatograms of representative ArOH subfractions. The 
sensitivity ratio of the FID/NPD detectors was adjusted such that carbazole 
gave an FID/NPD response ratio of two. The largest concentration of nitrogen 
compounds observed was in the fraction from OSCR shale oil. This observation 
is consistent with relatively high concentrations of amides such as 2-hydroxy 
pyridines in shale oil (21,38). 
amide) and amides analogous to 2-hydroxypyridine are known to elute into the 
ArOH subfraction in this HPLC system (35). 

Originally, fraction 3 was isolated because it was uncertain whether this 

( 3 6 ) .  

A later eluting fraction 6 is then obtained 

Amides with two free hydrogens (e.g. benz- 

Chemical Derivatization 

Tables 2 and 3 show yields of silylated and acylated hydroxy compounds, 
respectively. 
either system, but most other ArOH reacted in good yield in both systems. As 
shown by Table 3, use of 6:l molar ratio of catalyst to ArOH gave improved 
yields over those obtained using a 0.6:l ratio. Triethylamine serves a dual 
role as catalyst and HC1 scavenger (25,26); thus, an excess is necessary for 
quanti tat i ve y i el ds . 

The highly hindered 2,4,6-tri-t-butylphenol did not react in 
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TABLE 2. - Results of BSTFA silylation of ure alcohols and hydroxyaromatics f 

Compound Percent Reacted 

A1 coho1 s 
1-Dodecanol 
9-Hydroxyfluorene 
1-Acenaphthenol 

Hydroxyaromatics 
o-Cresol 
2,6-D i met hy 1 phenol 
2,4,6-Tri-t-butylphenol 
2-Naphthol 

99.9 
99.7 
100.0 

98.3 
99.9 
0 
99.8 

Dihydroxyaromatics 
Resorcinol 0,1002 

10 Percent trichlorosilane catalyst. 

The first number indicates percentage reacted at 
one OH, the second number indicates the percent- 
age reacted at both OH-sites. 

GC/MS 
Figures 3 and 4 show total ion current GC/MS profiles of ArOH, acylated 

ArOH, and silylated ArOH in SRC-I1 200-325" C distillate and >325" C residue, 
respectively. Inspection of the figures and analysis of the resulting data 
lead to the following conclusions. 1) Acylated ArOH are more volatile than 
their underivatized counterparts while silylated ArOH are less volatile than 
plain ArOH. 2) Chemical derivatization greatly improves gas chromatographic 
resolution of ArOH on nonpolar columns. This feature is especially obvious in 
Figure 4, where the resulting mass spectra from the underivatized ArOH run 
were so complex they were essentially unanalyzable. Even in the case of the 
low boiling SRC-11 ArOH (Figure 3), many more isomers of a given ArOH homolog 
were observed in GC/MS runs of derivatized ArOH. 
phenols were resolved in GC/MS of underivatized ArOH (Figure 3A), whereas six 
were detected during analysis of both the acylated (Figure 38) and silylated 
ArOH (Figure 3C). In the case of C3-phenols, the number of isomers resolved 
in Figures 3(A-C) were 4, 9, and 5 ,  respectively. 3) Mass spectra from acyl- 
ated ArOH are much more characteristic and therefore more useful for qualita- 
tive identification of ArOH than either silylated or underivatized ArOH. 
However, silylated ArOH give stronger parent (M+) and M-15 ions which enables 
more sensitive detection of minor components in ArOH subfractions. 
points are discussed in detail below. 

For example, only two C2- 

These 
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TABLE 3. Results o f  TFACl a c y l a t i o n  o f  pure a lcohols  
and hydroxyaromatics 

Ca ta l ys t  r a t i o  1 
0 0.6 6 

Compound Percent Reacted 
Alcohols 
1-Dodecanol 100 100 100 
9-Hydroxyfluorene 
1-Acenaphtheno 1 

77 100 -- 
10 100 -- 

Hydroxyaromatics 
o-Cresol 
2,4-Dimethylphenol 
2,6-Dimethylphenol 
2,4-0imethyl-6-&-butylphenol 
2,4,6-Tri -t-bu t y l  phenol 
2-Hydroxybiphenyl 
2-Naphthol 
9-Phenanthrol 

Dihydroxyaromatics 
Catechol 
Resorcinol 

<1 43 
<1 80 
<1 8 
0 0 

0 
0 40 

<1 89 
<1  100 

-- 

2,02 
0 

100 
100 
100 
48 
0 

100 
98 -- 

-- 
0,100 

Molar r a t i o  o f  t r i e thy lam ine  c a t a l y s t  t o  reactant .  
The f i r s t  number i nd i ca tes  percentage reacted a t  one OH; the second number 
number i n d i c a t e s  the  percentage reacted a t  both OH-sites. 

Figures 5 and 6 show mass spectra o f  i n d i v i d u a l  peaks from GC/MS o f  ArOH 
f r a c t i o n s  from f u e l s .  Figures 5 (A-C) show rep resen ta t i ve  spectra o f  phenol, 
a cresol  and a C2-phenol from s i l y l a t e d  ArOH i s o l a t e d  from Wilmington ~ 3 7 0 "  C 
d i s t i l l a t e .  Obviously, t he  dominant ions i n  the spectra are the  parent  i ons  
(M+), M-15 ions produced from loss  o f  a methyl group from the t r i m e t h y l s i l y l  
e the r  moiety, and m/e 73 i ons  from (CH3)3Si+. Spectra i n  Figures 5 (0-F) a re  
a l l  C phenols obta ined from GC/MS o f  acy la ted A r O H  from the  same Wilmington 
d i s t i f i a t e .  Parent ions (m/e 218) are c e r t a i n l y  in tense i n  the acy lated C2- 
phenols, b u t  t hey  do no t  overshadow t h e  fragment ions t o  the  ex ten t  observed 
i n  spectra o f  s i l y l a t e d  ArOH. 
t he  CF$(O)O+ f u n c t i o n a l i t y  are apparent as we l l  as m/e 69 ions from CF +. 
More impor tant ly ,  l oss  o f  CH3 i n  the ethylphenol (Figure 5F) can be u s e i  t o  
d i s t i n g u i s h  i t  f rom dimethylphenols (Figures 5D and 5E) i n  the acy lated 
f ract ion.  whereas a l l  s i l y l a t e d  C phenols show M-15 ions. Furthermore, 
spectra o f  t he  two acy lated dimet&lphenols are e a s i l y  d i s t i ngu ished  by the  
presence o f  the m/e 175 i o n  i n  on l y  one as w e l l  as the l a r g e  d i f f e r e n c e  i n  
i n t e n s i t y  o f  t he  m/e 121 ion. Thus, F igure 5 demonstrates the g r e a t l y  
enhanced u t i l i t y  o f  a c y l a t i o n  over s i l y l a t i o n  f o r  i d e n t i f i c a t i o n  o f  s p e c i f i c  
ArOH isomers. On the  o the r  hand, GC/MS o f  under ivat ized Wilmington <370" C 

Also, M-97 ions (m/e 121) represent ing l o s s  o f  
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ArOH resolved only one cresol and only one C phenol; thus, no isomeric 
information was obtained whatsoever from thaz-analysis. 
up to six C2-phenols have been observed from GC/MS of derivatized ArOH. 

Figure 6 further illustrates points made by Figure 5; also, it shows the 
need for standard spectra of acylated ArOH to aid in identification of ArOH in 
fuels. Figures 6A and 68 show spectra of two C -indanols and Figure 6C shows 
a C1-tetralinol from analysis of acylated SRC-I? 200-325" C ArOH. Figure 6C 
can be identified as a 2- or 3-methyltetralinol by the fragment ion at m/e 216 
produced from retro-Diels-Alder loss of propylene from the methyl-substituted 
six-membered saturated ring (39). Indanols do not show this type of fragmen- 
tation, but do readily lose any alkyl groups substituted onto the cyclopentyl 
ring. 
saturated ring (M-15 = 243) and figure 68 shows what is probably an indanol 
with an ethyl group substituted on the cyclopentyl ring (m-29 = 229). With a 
sufficient library of standard acylated ArOH spectra, identification of a 
large number of phenol and indanol/tetralinol isomers would be possible. 

All three cresols and 

Thus, Figure 6A shows a C indanol with one methyl group on the 

Figures 6 (D-F) further emphasize the need for standard spectra. 
spectra show mass 280 (184 underivatized) members of the CnH2 - 4O series 
from OSCR >200" C shale oil (6D), SRC-I1 200-325" C (6E) and YRE-11 >325" C 
(6F) acylated ArOH fractions. Possible structures for this series include: 
hydroxybiphenyls, hydroxyacenaphthalenes, benzindanols and benztetralinols. 
Although the spectra in Figures 6 (D-F) are distinctively different, it is 
quite difficult to definitively assign a structure to each because of the lack 
of reference spectra. Usually, this series is referred to as hydroxybiphenyls 
in the literature; but, considering the differences in these and many other 
spectra not shown it appears very doubtful that all members of this series are 
hydroxybiphenyls. After phenols and indanols/tetralinols, this series is the 
most abundant in most ArOH concentrates. 
of Figures 6(D-E) are: (6D) C1-hydroxybiphenyl, (6E) C1-2-hydroxybipheny1, and 
(6F) C1-hydroxyacenaphthalene. 

CONCLUSIONS 

These 

Current best guesses at assignment 

The combined liquid chromatographic-chemical derivatization-GC/MS 
approach can provide a detailed analysis of ArOH in fuels boiling below 
500" C. 
enhances the volatility of ArOH and provides the most useful mass spectra for 
compound identification. Currently, the greatest limitation on the method is 
the unavailability of standard spectra for acylated ArOH. 
series presents results from detailed analysis of ArOH from SRC-I1 coal 
liquid, OSCR shale oil and Wilmington, CA, petroleum (40). 
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Figure 1. HPLC subfractionation of acid concentrates. 
1)dibenzofuran. 2) benzophenone, 3) 13H-dibenzo[a.i Icarbazole, 4) oxindole. 
5) 2.4.5-trimethylphenol, 6) e-cresol, 7) 3,4- dimethylphenol, 8) phenol I 

9) 2-naphthol, 10) 2.2-diphenylpropanoic acid. 11) p-toluic acid, 12) 1- 
fluorenecarboxyl ic acid, 13) 1-naphthoic acid. See text for explanation of 

Numbered peaks in STD are: 

retention regions 1-6 shown above chromatograms. 208 
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Figure 2. Gas chromatograms o f  selected underivatized ArOH fractions using 
dual FID/NPD (thermionic) detection. GC conditions were similar 
to those specified for GC/MS. Note the overall low levels of N- 
containing compounds in ArOH fractions. 
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Figure 3. Total ion GC/MS traces of plain and derivatized SRC-I1 200-325" C 
ArOH concentrate. Note the relative volatilities of acylated and 
silylated ArOH vs underivatized ArOH. as well as the enhanced GC 
resolution resuning from chemical derivatization. 
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Figure 4. Total ion GC/MS traces of plain and derivatized SRC-I1 >325" C 

ArOH. The benefits of chemical derlvatization are especially 
evident from analysis of higher boiling ArOH fractions. Higher 
molecular weight silylated ArOH (e.g. pyrenols) were not eluted 
from the GC column. 
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Figure 5. Mass spectra of silylated Co-Cz phenols (A-C) and acylated C2- 
phenols (D-F) from analysis of Wilmington ~370" C ArOH. 
large M-15 fragment in A-C and see text for explanation of 0-F. 
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Figure 6. Mass spectra o f  acylated C -indanols (Ala) and a C1-tetralinol (C) 
from SRC-I1 200-325" C ArO6, and representative spectra from 
acylated members o f  the C H2n-l 0 series from <ZOO" C shale oil 
(D),  SRC-I1 200-325" C ( E 7  and ORC-I1 >325" C (F) ArOH fractions. 
See text. 
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